Because tumors develop resistance to chemotherapeutic agents, the cancer research community continues to search for effective chemosensitizers. One promising possibility is to use dietary agents that sensitize tumors to the chemotherapeutics. In this review, we discuss that the use of resveratrol can sensitize tumor cells to chemotherapeutic agents. The tumors shown to be sensitized by resveratrol include lung carcinoma, acute myeloid leukemia, promyelocytic leukemia, multiple myeloma, prostate cancer, oral epidermoid carcinoma, and pancreatic cancer. The chemotherapeutic agents include vincristine, adriamycin, paclitaxel, doxorubicin, cisplatin, gefitinib, 5-Fluorouracil (5-FU), velcade, and gemcitabine. The chemosensitization of tumor cells by resveratrol appears to be mediated through its ability to modulate multiple cell signaling molecules, including drug transporters, cell survival proteins, cell proliferative proteins, and members of the NF-κB and STAT-3 signaling pathways. Interestingly, however, this nutraceutical has also been reported to suppress apoptosis induced by paclitaxel, vincristine, and daunorubicin in some tumor cells. The potential mechanisms underlying this dual effect are discussed. Overall, studies suggest that resveratrol can be used to sensitize tumors to standard cancer chemotherapeutics.
Introduction
Since the inception of national war on cancer in 1971, significant progress has been made in understanding risk factors, treatments, and prognosis of the disease. Despite this fact, the overall cancer death rate has not decreased appreciably, and the disease remains one of the leading causes of mortality worldwide. The therapies available to date for cancer treatment are surgery, radiotherapy, and chemotherapy. Chemotherapy is often used as a main regimen in the overall treatment of most cancers. However, the development of tumor resistance to chemotherapy (chemoresistance) presents a major hurdle in cancer therapy. 1 Further, complications emerges when cancer cells develop chemoresistance by multiple mechanisms. Therefore, there is an urgent need to identify a strategy that can overcome chemoresistance and sensitize tumor cells to chemotherapeutic agents.
Chemosensitization is one strategy to overcome chemoresistance. It is based on the use of one drug to enhance the activity of another by modulating one or more mechanisms of resistance. Among the potential chemosensitizers are natural agents such as resveratrol. Over the years, more and more natural products have beeen discovered to be effective against cancer drugs because of their mutitargeting property, low cost, low toxicity, and immediate availability. More than 60% of the anticancer drugs available to date in the market are of natural origin. 2, 3 Resveratrol (3,4′,5-trihydroxy-trans-stilbene) was first isolated in 1940 as an ingredient of the roots of white hellebore (Veratrum grandiflorum O. Loes) and since then it has been identified in extracts from more than 70 other plant species (Fig 1) . [4] [5] [6] [7] It is one of the main constituents of red wine, the consumption of which has been associated with 40% lower incidence of heart infarction in France than in other comparable countries, the so-called French paradox. 8 Resveratrol is a phytoalexin (antimicrobial) that has broad-spectrum beneficial health effects including anti-infective, anti-oxidant, and cardioprotective functions. 5 Since Jang and colleagues published the first article on the anti-cancer potential of resveratrol in 1997, a great interest from cancer researchers has continued in this molecule. 9 The anti-cancer activities of resveratrol are mediated through modulation of several cell signaling molecules regulating cell cycle progression, inflammation, proliferation, apoptosis, invasion, metastasis, and angiogenesis of tumor cells. 6, 10, 11 It has been shown that resveratrol can sensitize resistant cells to chemotherapeutic agents by overcoming one or more mechanisms of chemoresistance. In some tumor cells, however, resveratrol has been shown to act as chemoprotector. The potential mechanisms underlying this dual effect are described in this review.
Mechanisms of chemoresistance in tumor cells
The mechanisms of chemoresistance in tumor cells can be intrinsic (cells are resistant before the treatment), or acquired (resistance is developed during the treatment). The most important mechanisms of chemoresistance as listed in Table 1 are described below:
Drug influx and efflux
Since the anti-tumor agent must reach into the cancer cell in a concentration sufficient to exert its effect, alterations in the uptake or efflux of the drug could be responsible for the acquisition of chemoresistance. 12 Drug efflux from cells is mediated by the activity of transporter proteins called ATP-dependent multidrug transporters. The most important drug transporters associated with chemoresistance are multidrug resistance protein (MDR; Pglycoprotein, P-gp), 13 multi-drug resistance associated protein (MRP1), 14 lung resistancerelated protein (LRP), 15 and breast cancer resistance protein (BRCP). 16 
Inactivation of chemotherapeutic agents
Another chemoresistance mechanism is mediated by the glutathione/glutathione Stransferase (GSH/GST) system. 17 A number of reports have shown that the resistance of tumor cells to chemotherapeutic drugs is associated with an increase in the expression of GSH or GST. 18 Dihydropyrimidine dehydrogenase (DPD), which is responsible for catabolizing 5-Fluorouracil (5-FU) primarily in the liver, has been shown to confer resistance to 5-FU in colorectal cancer cells through this mechanism. 19 
Alterations in target molecules
During the course of chemotherapy, the target may be modified or decreased to a level where it ceases to have any significant cellular influence. The best example of a molecular target susceptible to modifications is topoisomerase II. Modifications in the topoisomerase II contribute to the development of resistance to various classes of drugs. 20, 21 Enhanced DNA repair Direct or indirect DNA alteration is the basis of the mechanism of action of many cytostatic drugs. Tumor cells have gained enhanced ability to repair damaged DNA by multiple mechanisms viz., direct repair, mismatch repair (MMR), base excision repair (BER), and nucleotide excision repair (NER). For example, BER appears to be important in resistance to some lesions induced by chemotherapy. 22 One of the key elements in the NER process is the "excision repair cross-complementing 1 protein" (ERCC1). 23 Up-regulation of ERCC1 has been associated with chemoresistance of various tumors including colon cancer cells. 23
Growth factor signaling
The epidermal growth factor receptor (EGFR) activates molecular pathways involved in a variety of cellular processes, such as differentiation, proliferation, survival, and transformation. 24 Overexpression of EGFR in tumor cells has been associated with an increase in resistance to chemotherapeutic agents. 25 It has been proposed that constitutive activation of pathways downstream of EGFR such as the PI3K/Akt and MAPK pathways can also confer resistance to EGFR-targeted therapy. 26
Altered cell death regulation
Acquisition of resistance to cell death mechanisms in particular apoptotic cell death is one of the hallmarks of tumor cells and plays an important role in the development of resistance to anticancer agents. 27 Tumor cells acquire resistance to apoptosis by such mechanisms as down-regulating pro-apoptotic proteins (p53 and Bax), up-regulating anti-apoptotic proteins (Bcl-2; Bcl-xL), and activating survival pathways.
A key factor in the induction of apoptosis in response to chemotherapy is the tumor suppressor protein p53. In approximately 50% of cancer tumors p53 is found to be mutated. 28 A large study carried out in 1997 by the NCI revealed a positive correlation between p53 status and sensitivity to cytotoxic drugs. 29 Bcl-2 family proteins regulate both pro-apoptotic and anti-apoptotic proteins. Bcl-2 itself is an anti-apoptotic protein that is inappropriately over-expressed in a number of tumors and has been reported to contribute to chemoresistance. 30 Some other cell survival proteins that have been associated with development of chemoresistance include c-FLIP, 31 X-linked inhibitor of apoptosis (XIAP), 32 and survivin. 33
NF-κB activation pathway
The transcription factor nuclear factor (NF)-κB, originally identified in 1986, is a ubiquitously expressed transcription factor that regulates over 500 genes involved in immunoregulation, growth regulation, inflammation, carcinogenesis, and apoptosis. 34, 35 Various in vitro and in vivo studies have shown that constitutive activation of NF-κB inhibits chemotherapy-induced apoptosis in a number of tumor types. [36] [37] [38] 
Signal transducer and activator of transcription-3 (STAT-3) activation pathway
STAT3 is a ubiquitously expressed member of the STAT family of transcription factors that is activated by tyrosine phosphorylation via upstream receptors such as epidermal growth factor (EGF) and platelet-derived growth factor and cytokines such as interleukin-6 (IL-6). 39 Work from our laboratory as well as others have shown that STAT-3 can confer tumor resistance to chemotherapeutic agents. [40] [41] [42] [43] 
Chemosensitization of tumor cells by resveratrol
Resveratrol exerts its sensitization effect by modulating one or more mechanisms of chemoresistance ( Table 2 , Fig 2) . Research from in vitro and in vivo studies indicate that resveratrol can overcome chemoresistance in tumor cells by modulating apoptotic pathways, down-regulating drug transporters, and down-modulating proteins involved in tumor cell proliferation. Additionally, resveratrol has also been shown to overcome chemoresistance by inhibiting NF-κB and STAT-3 pathway.
Most of the reports indicate that resveratrol sensitizes tumor cells to chemotherapeutic agents by modulating cell survival proteins. For example, it has been shown to sensitize human cancer cell lines (neuroblastoma, glioblastoma, breast carcinoma, prostate carcinoma, leukemia, and pancreatic carcinoma) to such chemotherapeutic agents as doxorubicin, cytarabine (AraC), actinomycin D, taxol, and methotrexate by downregulating survivin expression and increasing apoptosis. 44 Similarly, in another study, resveratrol potentiated apoptosis induced by chemotherapeutic agents such as cisplatin, gefitinib, and paclitaxel in multidrug-resistant non-small cell lung cancer cells that was associated with a decrease in survivin expression. 45 In non-Hodgkin's lymphoma (NHL) and multiple myeloma cells, inhibition of Bcl-xL expression by resveratrol was critical for its sensitization effect on paclitaxel-induced apoptosis. 46 Resveratrol has also been shown to sensitize tumor cells by inducing caspase activation. For example, in a study using HCT116 human colon cancer cells, resveratrol exerted synergistic effects with 5-FU in a caspase-6 dependent manner. Furthermore, the nature of resveratrol's effect was dependent on concentration. At higher concentrations, resveratrol synergistically promoted 5-FU-mediated apoptosis, while it inhibited 5-FU-triggered apoptosis at lower concentrations. 47 In one study, resveratrol was shown to enhance the apoptotic potential of perifosine and velcade in multiple myeloma and T-cell leukemia cells by enhancing recruitment of Fas/CD95 death receptor in the extrinsic pathway of apoptosis. 48 In a few cases, resveratrol has been shown to sensitize tumor cells to chemotherapeutic agents through modulation of the tumor suppressor gene p53. For example, it was shown to enhance the chemotherapeutic potential of doxorubicin in chemoresistant B16 melanoma cells through up-regulation of p53. 49 Interestingly, in another study an enhancement in the sensitization effect of resveratrol on apoptosis induced by various drugs in cancer cell lines was found to be p53 independent. 44 In some tumor cells, resveratrol has been shown to eliminate chemoresistance by decreasing the activity of membrane transporters such as P-gp and multi-drug resistance-associated protein (MRP). One study showed that resveratrol induced increased accumulation of daunorubicin in human multidrug-resistant carcinoma KB-C2 cells in a concentrationdependent manner. Although the authors did not examine the effect of resveratrol on chemosensitivity, they observed that the increase in daunorubicin accumulation was associated with a decrease in P-gp level. 50 In a recent study, Quan et al., examined the potential of resveratrol to overcome chemoresistance of oral epidermoid carcinoma KBv200 cells to vincristine, adriamycin, and paclitaxel. 51 Resveratrol produced a synergistic effect when combined with the chemotherapeutic agents and reversed the multidrug-resistant phenotype of KBv200 cells. The reversal of chemoresistance phenotype was associated with a decrease in the expression of P-gp. Using three doxorubicin-resistant acute myeloid leukemia cells (AML-2/DX30, AML-2/DX100, AML-2/DX300), Kweon et al., recently investigated the potential of resveratrol to reverse the resistance phenotype of tumor cells. 52 They found an enhanced expression of the MRP1 gene in chemoresistant cells. When resveratrol was administered, the expression of MRP1 was down-regulated, while cellular uptake of doxorubicin into the resistant cells was increased. Based on these observations, the group concluded that resveratrol may facilitate the cellular uptake of doxorubicin via an induced downregulation of MRP1 expression, and that resveratrol may prove useful in overcoming doxorubicin resistance, or in sensitizing doxorubicin-resistant AML cells to anti-leukemic agents.
Resveratrol has also been shown to enhance chemosensitivity of tumor cells by arresting cells at different stages of the cell cycle and by down-regulating the genes involved in cell proliferation. For example, in chemoresistant B16 melanoma, resveratrol enhanced doxorubicin induced cytotoxicity that was accompanied by a down-regulation of cyclin D1. 49 Combined treatment with resveratrol was also associated with an increase in the cell cycle arrest at the G(1)-S phase. In another study, when resveratrol was administered prior to paclitaxel treatment in lung cancer cells (A549, EBC-1, Lu65), a significant enhancement in the anti-proliferative potential of paclitaxel was observed. Resveratrol also induced the expression of cell cycle regulator p21/waf1 expression and lowered the paclitaxel threshold required for killing tumor cells. 53 In a few cases, resveratrol has been shown to overcome chemoresistance through downregulation of NF-κB and STAT-3 pathways. In our laboratory, resveratrol was shown to enhance the apoptotic and anti-proliferative potential of velcade and thalidomide in multiple myeloma cells. 42 Such an enhancement was associated with inhibition of NF-κB and STAT-3 activation pathways. Resveratrol administration was also associated with accumulation of sub-G(1) population, increase in Bax release, and activation of caspase-3. This was further correlated with down-regulation of various proliferative and antiapoptotic gene products, including cyclin D1, cIAP-2, XIAP, survivin, Bcl-2, Bcl-xL, Bfl-1/A1, and TRAF2. Investigation of the mechanism revealed that resveratrol inhibited NF-κB activation through inhibition of IκBα phosphorylation and IKK activation. These observations were further supported by an inhibition of NF-κB and STAT-3 in multiple myeloma patients.
Centrosome amplification, defined as the presence of three or more centrosomes in a cell, is a common feature in cancer cells. Centrosome amplification is often associated with genetic instability, resulting in the accumulation of deleterious genomic stresses in the cells. Therefore, cells with centrosome amplification are likely to be more efficiently eliminated by cell death mechanisms. 54 This has been appropriately described as "apoptosis limits centrosome amplification and genomic instability". 55 Recently, Lee et al. investigated the relationship between centrosome amplification and apoptosis sensitivity in colon cancer cells. They found that centrosome amplification is a spontaneous process in cancer cells and could also be induced by subtoxic concentrations of 5-FU. The group further found that cancer cells with centrosome amplification, whether spontaneous or 5-FU-induced, were more sensitive to apoptosis induction by resveratrol. 56 Based on their observations, the group concluded that centrosome amplification might be a novel chemosensitization approach to cancer therapy.
In some cases, resveratrol has been shown to overcome chemoresistance by more than one mechanism. For example, the reversal of chemoresistace of KBv200 cells to vincristine, adriamycin, and paclitaxel by reseveratrol was shown not to be only due to down-regulation of P-gp but also due to a decrease in Bcl-2 expression. 51 Similarly, in a number of cancer cell lines, resveratrol was shown to overcome chemoresistance by inducing cell cycle arrest at S phase and downregulating survivin to enhance the effect of a variety of chemotherapeutic agents. 44 Another study using lung cancer cells showed that resveratrol has potential to enhance chemotherapeutic potential of paclitaxel by enhancing both proapoptotic and anti-proliferative potential. 53 While most of the reports are based on the in vitro data, some in vivo studies also support the chemosensitizing potential of resveratrol. Zhao and group examined the efficacy of resveratrol in a nude mice bearing multidrug-resistant human non-small cell lung cancer cells (NSCLC). The cells were treated with resveratrol at a concentration of 25, 50, or 100 μM in in vitro studies, and nude mice were implanted with NSCLC and fed a special diet that included resveratrol at a dose of either 1 g/kg/day or 3 g/kg/day. The rate of cell proliferation, apoptosis ratio, cell cycle phase distribution, IC50 values of cisplatin, gefitinib, and paclitaxel, implanted tumor volume, and expression of survivin in resveratroltreated and control mice were determined. Resveratrol significantly inhibited the proliferation of cancer cells, induced apoptosis, arrested the cell cycle between G0-G1 and S phase or at the G2/M phase, decreased the IC50 values of chemotherapeutic drugs, and showed anti-tumor effects in nude mice that were implanted with cancer cells. In addition, resveratrol affected the proliferation of cancer cells in a dose-and time-dependent manner. Expression of survivin in cancer cells decreased even at low doses of resveratrol, but the effects were dose-dependent. 45 Whether resveratrol can sensitize pancreatic cancer (PaCa) cells to gemcitabine in vitro and in vivo was investigated recently in our laboratory. 57 In in vitro, resveratrol inhibited the proliferation of human PaCa cell lines, synergized the apoptotic effects of gemcitabine, inhibited the constitutive activation of NF-κB and expression of Bcl-2, Bcl-xL, COX-2, cyclin D1, MMP-9 and VEGF. We then established PaCa xenografts in nude mice, randomized them into 4 groups, and treated them with vehicle, gemcitabine, resveratrol, or a combination. Resveratrol significantly suppressed the growth of the tumor, and this effect was further enhanced by gemcitabine. The markers of proliferation index, Ki-67, and micro vessel density, CD31, were significantly downregulated in tumor tissue by the combination of gemcitabine and resveratrol. As compared to vehicle control, resveratrol also suppressed NF-κB activation and expression of cyclin D1, COX-2, ICAM-1, MMP-9 and survivin. Overall the results demonstrated that resveratrol can potentiate the effects of gemcitabine through suppression of markers of proliferation, invasion, angiogenesis, and metastasis.
In a few cases, resveratrol has been shown to sensitize tumor cells to chemotherapy, but the molecular mechanism is not known. For example, resveratrol exhibited diverse anti-cancer activities with doxorubicin, cycloheximide, busulfan, gemcitabine, and paclitaxel in multidrug-resistant variant HL60/VCR (P-gp positive) cells. 58 Similarly, in human ovarian (OVCAR-3) and uterine (Ishikawa) cancer cells, resveratrol was shown to enhance the growth inhibitory/anticancer activity of cisplatin and doxorubicin. 59 A polymethoxylated resveratrol analogue, N-hydroxy-N′-(3,4,5-trimethoxphenyl)-3,4,5-trimethoxy-benzamidine (KITC), also showed synergistic effect with gemcitabine as an anti-cancer agent in the human pancreatic cancer cell lines AsPC-1 and BxPC-3. 60 In these studies, the molecular mechanism of resveratrol action was not elucidated.
Resveratrol as a chemoprotector
Chemosensitization strategy aims at using one drug to enhance the activity of another selectively in the tumor cells, while limiting any undesired toxicity or side effects in normal cells. While resveratrol has been shown to increase the efficacy of chemotherapeutic agents; under certain circumstances, in some cell types, it has also been reported to reduce the efficacy of chemotherapeutic agents. Similarly, evidence is also emerging showing that such normal cells as endothelial cells, lymphocytes, and chondrocytes are vulnerable to resveratrol. 10 These contradictory reports present a major caveat for use of resveratrol as a chemosensitizer.
The potential of resveratrol as an anti-apoptotic agent was investigated in human neuroblastoma cell line SH-SY5Y. 61 When neuroblastoma cells were treated with paclitaxel, a significant increase in apoptosis was observed. The induction in paclitaxel-induced apoptosis was abrogated by resveratrol treatment. Investigation of the mechanism revealed that resveratrol was able to inhibit the activation of caspase 7 and PARP cleavage that occurred in SH-SY5Y cells exposed to paclitaxel. In a subsequent study, the group evaluated the anti-apoptotic effect of resveratrol by studying its effect on cell cycle progression in neuroblastoma cells. 62 Resveratrol was found to induce S-phase cell cycle arrest that was associated with an increase of cyclin E and cyclin A, a downregulation of cyclin D1 with no alteration in cyclin B1, and cdk 1 activation. The resveratrol-induced S-phase block prevented neuroblastoma cells from entering mitosis, the phase of the cell cycle in which paclitaxel exerts its activity.
In another study, resveratrol negatively affected paclitaxel-induced apoptosis in 5637 bladder cancer cells. 63 The antagonism was associated with a decrease in paclitaxel-induced caspase-3 activation, PARP cleavage, and G2/M cell cycle arrest. The antagonism of paclitaxel-induced apoptosis by resveratrol seemed to involve several intracellular signal pathways including Akt, MAPK and NF-κB. 63 When human leukemia cells were exposed to low concentrations of resveratrol (4-8 μM), a decrease in apoptosis induced by hydrogen peroxide or the anticancer drugs vincristine, and daunorubicin was observed. 64 Resveratrol exerted its effect by acting as anti-oxidant and reduced caspase activation, DNA fragmentation, and translocation of cytochrome c induced by the agents. 64 The authors showed that NADPH oxidase-dependent elevation of intracellular superoxide that blocks mitochondrial hydrogen peroxide production was essential for apoptosis inhibition by resveratrol.
The sensitization effect of resveratrol on paclitaxel-induced cell death in breast cancer cells was investigated. 65 Resveratrol strongly diminished the susceptibility of MDA-MB-435s, MDA-MB-231 and SKBR-3 cells to paclitaxel-induced cell death in culture, although the effect was not observed in MCF-7 cells. Using MDA-MB-435s cells as a representative model, the authors made a similar observation in athymic nude mice. Mechanistically, the modulating effect of resveratrol was attributable to its inhibition of paclitaxel-induced G(2)/ M cell cycle arrest, together with an accumulation of cells in the S-phase. In addition, resveratrol was also found to suppress paclitaxel-induced accumulation of reactive oxygen species (ROS) and subsequently the inactivation of anti-apoptotic Bcl-2 family proteins. The group concluded that concomitant use of resveratrol with paclitaxel is detrimental in certain types of human cancers.
Summary, conclusions, and future perspective
Acquisition of chemoresistance remains one of the promising problems of chemotherapy failure in cancer patients. Cancer cells are very intelligent: they will do whatever they need to survive. The fact that tumor cells develop multiple chemoresistance mechanisms and that more than one mechanism may work simultaneously complicates the success of chemotherapy. In this regard, resveratrol seems to be an ideal candidate as an adjunct to reverse chemoresistance. However, additional is required to clarify the following issues:
First, despite more than 1100 publications on cancer chemotherapeutic potential of resveratrol with around 20 reports on its chemosensitization potential, only a few studies using clinically relevant animal models have been done. Second, combinations may be synergistically cytotoxic to normal cells as well. Most of the studies done to date have focused on tumor cells only. Whether and how resveratrol discriminates between normal and cancer cells is largely unknown. Third, resveratrol has been shown to act as chemoprotector in some cancer cells. Fourth, it remains to be seen whether the expected chemosensitization will be reproduced in humans. Would such a combination increase the patient's life? Therefore, future studies should focus on careful and accurate characterization of molecular mechanisms of chemosensitization, determination of efficacy of resveratrol combinations by clinically relevant in vivo studies and finally demonstration of safety and effectiveness of combinations in patients. Molecular structure and sources of resveratrol. The sources of resveratrol include fruits, vegetables, legumes, and weeds. Mechanism of chemosensitization of tumors by resveratrol. Resveratrol sensitizes tumor cells to chemotherapeutic agents by targeting proteins involved in cell survival, cell proliferation and drug transport. Ann N Y Acad Sci. Author manuscript; available in PMC 2012 January 1. Ann N Y Acad Sci. Author manuscript; available in PMC 2012 January 1.
